Whole-plant photosynthetic rate of rose (cv. Kardinal) was measured with an open system consisting of a computer-controlled data acquisition system and an infrared gas analyzer (IRGA). The system was used to monitor diurnal patterns of whole-plant gas exchange in response to environmental variables and a model to simulate this was constructed. A model for leaf photosynthesis was calibrated and scaled up to the whole-plant level. The simulated whole-plant photosynthesis compared well with the observed data. The model can be used for identifying the impacts of varying environmental factors on whole-plant or canopy photosynthesis of roses in the greenhouse.
Introduction
One aspect of optimizing crop productivity in the greenhouse is to find optimal conditions for whole-plant photosynthesis. Individual leaf photosynthesis measurements are generally not good estimates for whole-plant photosynthesis. Leaf photosynthesis can be highly variable due to such factors as leaf age, chlorophyll content, leaf shading, or biotic and abiotic stresses whereas whole-plant productivity is influenced greatly by canopy complexity and growth (Miller et al., 1996) . One approach to estimating wholeplant photosynthesis is to place the entire plant in a whole-plant, gas-exchange system.
A model for single leaf photosynthesis of roses as a function of photosynthetically active radiation (PAR), leaf temperature and leaf age was previously developed for cv. 'Cara Mia' (Lieth & Pasian, 1990) . The model did not include some important environmental variables such as CO 2 concentration and relative humidity (RH) that could be critical when estimating gas exchange of plants in the greenhouse (Baille et al., 1996) .
In particular, the effect of CO 2 level on rose crop photosynthesis is of interest in relation to the necessity/benefits of long term CO 2 fertilization in greenhouse production. Studies on whole-plant gas exchange in roses have been reported (Baille et al., 1996; Jiao et al., 1991) .
In this study, rose leaf photosynthesis as a function of PAR, CO 2 , temperature, RH and leaf age was calibrated based on the models of Farquhar et al. (1980) , Ball et al. (1987) and Lieth & Pasian (1990) . A simple approach to scale up photosynthesis from leaves to the whole-plant was introduced and a simulation was performed using the observed environmental data as input variables to predict diurnal change of whole-plant photosynthesis. Diurnal patterns of whole-plant photosynthesis were investigated and the observed data were compared with the simulation results to examine the performance of the model.
2.
Model description
Leaf photosynthesis model
The model for leaf photosynthesis in this study is primarily based on the model for C 3 photosynthesis developed by Farquhar et al. (1980) as used in de Pury & Farquhar (1997) , Harley et al. (1992) and Leuning et al. (1995) . Only a brief description of the model is given in this paper. Net photosynthetic rate (P n ) governed by the biochemical demand for CO 2 can be written as:
(1) where A v and A j are the rate of gross photosynthesis limited by Rubisco acitivity and the rate of Ribulose bisphosphate (RuBP) regeneration through electron transport, respectively, and R d (dark respiration) is respiration other than photorespiration. Rubiscolimited photosynthesis (A v ) is given by:
(2) where V cmax is the maximum rate of carboxylation, Γ* is the CO 2 compensation point in the absence of mitochondrial respiration, C i is intercellular CO 2 concentration, and K c and K o are Michaelis constants for carboxylation.
The photosynthetic rate limited by the rate of RuBP regeneration through electron transport (A j ) can be expressed:
where J is the potential electron transport rate. Assuming four electrons are required for the regeneration of a single RuBP molecule in Calvin cycle, J, the potential rate of electron transport is equal to 4 times potential rate of CO 2 assimilation (P ml ) (Harley & Tenhunen, 1991) . Then, the light response of photosynthesis in RuBP regeneration limited region is described by non-rectangular hyperbola (Leuning et al., 1995; Lieth & Pasian, 1990) . J is expressed as:
where α is the quantum efficiency that determines the initial slope of the curve relating CO 2 -saturated photosynthesis to irradiance (I), P max is CO 2 and light saturated rate of photosynthesis, θ is a curvature factor.
Both V cmax and P max were modeled to have dependence on temperature and leaf age.
is temperature dependency as in Lieth & Pasian (1990) where T is leaf temperature. f(a) is leaf age dependency of photosynthetic capacity where a represents leaf age and expressed as:
where d 0 is a scaling factor, d 1 and d 2 are empirical parameters. V cm (T,a) and P m(T,a) are potential maximum photosynthetic capacity over a range of temperature and leaf ages. Both g(T) and f(a) were scaled to the range between 0 and 1. Temperature dependence of K c , K o and Γ* was not implemented. The temperature dependence of Rd is described by a product of an exponential function of temperature following the Arrhenius function (de Puri & Farquhar, 1997) and an exponential function of leaf age:
where a opt is leaf age where the maximum photosynthetic capacity occurs, R d25 is the dark respiration rate at 25°C at optimal age (a opt ), H a is the activation energy for respiration, R is the gas constant (0.00831 kJ·mol -1 ) and r 1 is an empirical coefficient. The biochemical model of photosynthesis uses C i as a driving variable. C i results from the interaction of Pn and stomatal conductance (gs) which can be described using the following relationship (Harley et al., 1992) :
where C a is the CO 2 concentration in the air, the factor 1.6 corrects for the difference in diffusivity between CO 2 and H 2 O. Thus, the photosynthesis model is coupled to semiempirical stomatal conductance model proposed by Ball et al. (1987) and modified by Harley et al. (1992) as follows:
where RH is relative humidity, g 0 is the minimum stomatal conductance to H 2 0 when P n =0 at the light compensation point, and g 1 is an empirical coefficient to represent the sensitivity of conductance to P n , C a and RH. In our model, both g 0 and g 1 were empirically determined by fitting the model to observed C i . When the model of photosynthesis and stomatal conductance are integrated, Pn and gs become interdependent so that the value of Ci was determined iteratively. When the Ci using Eqn 8 agrees with the initial C i within 0.1 µmol·mol -1 , the iteration procedure was terminated. All parameters were either calibrated using empirical observations or adopted from the literature or our earlier model (Table 1) . Measurements of leaf photosynthesis were performed using the CIRAS-1 photosynthesis system (PP Systems, Hitchin Herts, UK) for parameterization of the model. Leaf model parameterization using the empirical data was carried out using SAS 7.0 NLIN procedure.
Modeling whole-plant photosynthesis
The total whole-plant leaf area per unit ground was divided into multiple layers in increments of 0.1 m 2 . Light interception by the leaves was represented by an exponential function of the cumulative LAI at each layer:
(10) where I 0 is photosynthetic photon flux density (PPFD) at the top, k is an extinction coefficient and L is cumulative LAI from the top. We estimated the k of total incoming light for roses (cv. Kardinal) experimentally on July 29, 1998 around midday to be 0.643. Since we used an experimentally determined k for total PAR, neither distinctions of direct and diffuse light nor sun and shaded fractions within each layer was considered.
Distribution of leaf nitrogen inside the canopy has been used to model a physiological gradient of photosythetic capacity which declines exponentially as a function of cumulative LAI (Hirose & Werger, 1987; Leuning et al., 1995) . In greenhouse roses, continual removal of flowers occurs throughout the growing season. As a result, new leaves are constantly emerging at the top of the canopy while leaves at the bottom may become very old and defoliate. The photosynthetic capacity of rose leaves has been found to vary with age (Pasian & Lieth, 1989) . Therefore, we assumed that leaf age is distributed linearly from top to bottom along the profile of cumulative LAI. The photosynthetic capacity of each layer is determined by the estimated age of the leaves in the layer. Each horizontal layer is assumed to be homogeneous in physical, structural, and physiological aspects. 
Simulation of diurnal variation of whole-plant photosynthesis
A simulation program was written in Pascal using Delphi (Inprise Co., Scotts Valley, CA, USA). Environmental data (PAR, air and leaf temperature, CO 2 , RH) were used as input variables for the simulation. Simulations using three different extinction coefficients (k) were performed and compared: (1) k = 0 to mimic the extreme situation where no self-shading occurs, (2) k = 0.643 to simulate the case where canopy is closed, horizontally continuous and the projections of shades are the same regardless of incoming solar elevation (β), and (3) k = k 0 ·sin (β) (where k 0 is estimated value when solar elevation is 90°) was used to account for light attenuation within an isolated single plant (denoted as k v ) assuming the plant does not have very high foliage area. Rationale was that k will vary with solar elevation and k will be at maximum when sun is at highest angle and will decrease as solar elevation decreases when the modeled plant is single and isolated. Solar elevation (β) is estimated using the formula described in Campbell & Norman (1998) .
3.
Materials and methods 2-year-old rose plants 'Kardinal' grafted to 'Natal Briar' rootstock in 13-L pots were used for the whole-plant photosynthesis measurements. A mix ('UC Mix') containing sand, redwood sawdust and peat moss (1:1:1, v/v) was used as growing media. Tensiometer based irrigation was set up to control moisture tension with set-points of 1.0 and 3.0 kPa. All plants were watered with half-strength Hoagland's Solution No.2 plus micronutrients. Plants were grown in the glasshouse at the Department of Environmental Horticulture at the University of California at Davis. Air temperature set-points inside the greenhouse were 24 C day and 20 C night.
An open chamber system was constructed to measure photosynthesis of a single plant after Miller et al. (1996) with some modifications to fit to rose plants. The airflow rate and temperature inside the inlet pipe were measured continuously using an anemometer (HTA4200; Pacer industries, Inc., Chippewa Falls, WI, USA) during the whole-plant photosynthesis measurements. The relationship between air velocity and total volumetric airflow was determined following the method described in Wünsche & Palmer (1997) . Measurement of gas exchange was done using the portable IRGA during July 1999. PAR inside and outside chamber using quantum sensors (LI-190SB; LI-COR, Inc., Lincoln, NE, USA), air temperature inside the chamber, leaf temperature using copperconstantan thermocouple and soil moisture tension were continually monitored using a PC controlled data acquisition system (OWL; EME systems, Berkeley, CA, USA). Leaf area of the measured plants was determined using the following relation: Y =1.0193(-10.35 + 2.294X + 0.2345X2) where X is leaf length). Relative humidity (RH) was calculated as described in Jones (1992) .
4.
Results and discussion Light response, P n vs. C i curve and age response of the leaf model are presented (Fig 1) . Predicted vs. observed plot (Fig1,d) exhibits satisfactory prediction of the model over a range of environmental conditions.
Results of whole-plant gas exchange measurement for two different dates are presented (Fig 2) . July 13, 1999 was partly cloudy with relatively high temperature during the day and July 15, 1999 had mostly clear sky. The whole-plant chamber system was capable of monitoring gas exchange and changes of environmental variables continuously. During the experiment, we had whitewash only on part of the greenhouse, shading the measurement location after about 1 p.m. in the afternoon (Fig 2, PAR) . However, the shading in the afternoon due to the whitewash did not result in significant decrease in gas exchange of rose plants.
Simulation of diurnal whole-plant photosynthesis exhibits good agreement with the observed data for both dates. The simulations shown in Fig 2 were done using k v as k 0 ·sin(β) to account for light attenuation within an isolated single plant. When no selfshading was assumed (i.e., k=0), the model tended to overestimate photosynthesis where incoming PAR is high (Fig 3, thin line) while the prediction during morning and late afternoon was reasonable. When constant k was used for an entire day of the simulation, the model tended to underestimate, in particular, during the morning and late afternoon (Fig 3, dashed line) indicating that varying k relative to solar elevation (k v ) should result in better estimation (Fig 3, thick solid line) . The assumption of using k v may be valid only when the plant does not have very much leaf area. The leaf area of the plant used for the simulation and the measurement was relatively low resulting in LAI of 1.6 (m 2 of leaf area/m 2 of chamber-base area).
Roses have been traditionally grown in a hedgerow. Models have been developed to account for radiative transfer of hedgerow canopies (c.f. Gourdriaan, 1977) . However, the recent technique of cut-flower rose production involving shoot-bending results in a unique canopy structure. The radiation profile of the bent canopy will be different from that of hedgerow canopy. Further research on canopy photosynthesis with respect to its architecture could be of importance for optimizing rose production in the greenhouse. 2. Diurnal responses of whole-plant photosynthesis (P n ) and transpiration (E) of roses measured on July 13 and 15, 1999. Diurnal courses of PAR, CO 2 concentration inside the greenhouse, leaf and air temperature (T) and relative humidity (RH) are also shown. LAI was 1.6. Simulation was performed assuming minimum leaf age of 1 and maximum leaf age of 100 days. 
